The transcriptional activity of nucleoids changes during plastid development, presumably due to the morphological and molecular differences of the nucleoids. Pea chloroplast nucleoids have an abundant 70-kDa protein identified as sulfite reductase (SiR) that can compact DNA. Using an in vitro transcription assay, we show here that heparin increased the transcriptional activity of chloroplast nucleoids with concomitant release of SiR. Using a fluorometric method we developed for analyzing DNA compaction, we found that the fluorescence intensity of chloroplast DNA stained with 4,6-diamidino-2-phenylindole was decreased by the addition of SiR and increased by the subsequent addition of heparin. Addition of exogenous SiR increased the compaction of isolated nucleoids, and the addition of heparin relaxed it. SiR effectively repressed the in vitro transcription activity of nucleoids and counteracted the activation by heparin. These results suggest that SiR regulates the transcriptional activity of chloroplast nucleoids through changes in DNA compaction.
The transcriptional activity of nucleoids changes during plastid development, presumably due to the morphological and molecular differences of the nucleoids. Pea chloroplast nucleoids have an abundant 70-kDa protein identified as sulfite reductase (SiR) that can compact DNA. Using an in vitro transcription assay, we show here that heparin increased the transcriptional activity of chloroplast nucleoids with concomitant release of SiR. Using a fluorometric method we developed for analyzing DNA compaction, we found that the fluorescence intensity of chloroplast DNA stained with 4,6-diamidino-2-phenylindole was decreased by the addition of SiR and increased by the subsequent addition of heparin. Addition of exogenous SiR increased the compaction of isolated nucleoids, and the addition of heparin relaxed it. SiR effectively repressed the in vitro transcription activity of nucleoids and counteracted the activation by heparin. These results suggest that SiR regulates the transcriptional activity of chloroplast nucleoids through changes in DNA compaction.
Chloroplast DNA (cpDNA) 1 forms a complex termed nucleoid with various proteins and is organized into a compact structure comparable with chromatin of cell nuclei (1) . The cpDNA, which is 120 -180 kilobase pairs in size, contains more than 100 genes encoding mostly proteins for photosynthesis and gene expression (2) . Most proteins constituting the nucleoid are thought to be encoded by the nuclear genome (3) . Chloroplast nucleoids are known to change their morphology, molecular composition, and intraplastidial localization during leaf development (4) . However, nucleoid proteins have been poorly characterized except for the following ones: CND41 (chloroplast nucleoid DNA binding protein) (5, 6 ) is known to repress the expression of cpDNA and has a protease activity; topoisomerase II is co-localized with the nucleoids (7); CDF2 (chloroplast DNA binding factor 2) is known to regulate the rrn gene (8); PTF1 (plastid transcription factor) is known as a trans-acting factor of the psbD light-responsive promoter (9); and PEND (plastid envelope DNA binding) protein anchors nucleoids to the envelope membrane (10 -12). Nemoto et al. (13) (14) (15) found that a 69-kDa DNA-binding protein is abundant in the plastid nucleoids in tobacco-cultured cells. Cannon et al. (16) reported that a 68-kDa protein of chloroplast nucleoids in soybeancultured cells suppressed replication and compacts cpDNA. In pea (17) , an abundant 70-kDa protein in the nucleoids was demonstrated to be sulfite reductase (SiR). Although SiR is an enzyme catalyzing the reduction of sulfite to sulfide, DNA binding is its second function in higher plant chloroplasts. In the present report, we describe the effects of exogenous heparin and SiR on the structure and transcription of chloroplast nucleoids and discuss the relationship between DNA compaction and transcriptional activity of chloroplast nucleoids.
EXPERIMENTAL PROCEDURES
Plant Material and Preparation of Nucleoids-Pea seedlings were grown essentially as described previously (18) . The leaf buds of epicotyls of 7-day-old seedlings were used. Nucleoids were prepared as described previously (18) using the TAN buffer (20 mM Tris-HCl, pH 7.5, 0.5 mM EDTA, 0.5 M sucrose, 7 mM 2-mercaptoetanol, 0.4 mM phenylmethylsulfonyl fluoride, 1.2 mM spermidine) and then stored in the presence of 33% glycerol at Ϫ80°C until use.
Preparation of Recombinant SiR and Antibody-The cDNA for the maize SiR (GenBank TM accession number D50679) was overexpressed with the siroheme synthase gene (cysG) in Escherichia coli cells, and then the active enzyme was purified by MonoQ column chromatography (19) . Antibodies were raised against maize SiR as described in Ref. 20 .
Sources of Reagents-Reagents were obtained from the following sources: rifampicin, Serva Feinchemica (Heidelberg, Germany); heparin and ␣-amanitin, Wako Pure Chemical Industries (Osaka, Japan); actinomycin D, ICN Pharmaceuticals (Costa Mesa, CA); and tagetitoxin, Epicentre (Madison, WI).
In Vitro Transcription Assay-The in vitro transcription assay was performed essentially according to the method of Sakai et al. (21, 22) with some modification. The reaction mixture contained 40 mM TrisHCl (pH 7.6), 7 mM MgCl 2 , 24 M (NH 4 ) 2 SO 4 , 0.01% (w/v) Nonidet P40, 180 M ATP, 180 M GTP, 180 M CTP, 5 M [5, 6- 3 H]UTP (about 0.16 TBq/mmol), and chloroplast nucleoids (30 g of protein/ml). Before addition of radiolabeled UTP to start the reaction, we incubated the mixture at 25°C for 30 min. The reaction was carried out at 25°C. After the reaction, an aliquot (5 l) was spotted on a small disk of DEAE paper (DE81, Whatman). The paper was washed successively in 5% Na 2 HPO 4 , water, and ethanol and then finally dried. The incorporation of [5,6- 3 H]UTP radioactivity into the DEAE paper-bound fraction was determined by liquid scintillation counting. The experimental error in the UTP incorporation was generally within 5%.
Heparin Treatment of Nucleoids-Isolated nucleoids were resuspended in the spermidine-free TAN buffer with or without various concentrations of heparin. After incubation on ice for 30 min, the suspension was centrifuged at 22,000 ϫ g for 1 h at 4°C. The supernatant was removed, and the pellet was resuspended in spermidine-free TAN buffer without heparin. SDS-PAGE and immunoblotting were performed with 12% polyacrylamide gel as described previously (10, 18) .
For microscopy, 4 l of the nucleoid suspension, with or without addition of heparin, were mixed with 4 l of 1% glutaraldehyde in the TAN buffer and then stained with 4 l of 1 g/ml 4Ј,6-diamidino-2-phenylindole (DAPI) in the TAN buffer. The specimens were examined with a fluorescence microscope model BX-60 (Olympus) with the WU filter cube set.
Fluorometric Analysis-cpDNA was prepared from developing chlo-roplasts of pea as described previously (10) . cpDNA (150 g/ml) was mixed with recombinant SiR and incubated on ice for 2 h. The mixture (5 l) was diluted with 500 l of spermidine-free TAN buffer containing 0.02 g/ml DAPI. The fluorescence of the mixture was monitored with a fluorescence spectrophotometer (Hitachi, model 850). Excitation wavelength was 350 nm, and the emission at 450 nm was measured. The fluorescence was monitored for 60 min to confirm stabilization of drift, and then 1 l of heparin (5 mg/ml) in spermidine-free TAN buffer (final concentration, 10 g/ml) was added to the mixture. Essentially similar experiments were done using 20 l of nucleoids (100 g/ml) instead of cpDNA.
RESULTS

Basic Characterization of the Pea Nucleoid Transcription
System-Kinetics of incorporation of radiolabeled UTP into RNA with various amounts of pea nucleoids is shown in Fig.  1A . The incorporation of UTP was proportional to the amount of nucleoids (inset in Fig. 1A ), indicating that the reaction in this system was dependent on the isolated nucleoids.
The effect of various inhibitors on the transcription of nucleoids was investigated (Table I ). The incorporation of UTP was effectively inhibited by actinomycin D. This suggests that the incorporation of UTP is dependent on double-stranded DNAdependent RNA polymerase. Tagetitoxin, which specifically inhibits plastid-encoded RNA polymerase (23), abolished completely the transcription, indicating that plastid-encoded RNA polymerase is mainly operating in this transcription system. ␣-Amanitin and rifampicin, which inhibit the transcription by eukaryotic RNA polymerase II and bacterial RNA polymerase, respectively, had no effects. These results were consistent with those obtained previously using chloroplast nucleoids from tobacco-cultured cells (22) . Heparin, which is known to inhibit the initiation of transcription, however, markedly increased the incorporation of UTP. No such enhancement has been reported in cultured cells of tobacco (21, 22) .
The effect of heparin on the kinetics of UTP incorporation is shown in Fig. 1B . After treatment with heparin, the incorporation of UTP by isolated nucleoids increased linearly for 40 min after the start of reaction, but the rate of incorporation gradually decreased thereafter.
Effect of Heparin on the Nucleoid Structure-The nucleoids were treated with heparin, and the nucleoid proteins were analyzed. When the isolated nucleoids were washed with buffers containing various concentrations of heparin, one of the major protein components of nucleoids, a 70-kDa polypeptide was released; namely, a small amount of this polypeptide was released by 1 g/ml heparin, and the release was almost complete at 100 g/ml ( Fig. 2A) . Concurrently with the release of the 70-kDa polypeptide, cpDNA was also released from the nucleoids in a concentration-dependent manner (Fig. 2B ), but the maximal release of cpDNA was about 50%. Both supernatant and precipitate fractions from the nucleoids treated with 10 g/ml heparin showed comparable transcriptional activities (data not shown).
Previously, a 70-kDa polypeptide of nucleoids from developing pea chloroplasts was identified as SiR (17) . We performed immunoblot analysis to examine whether the 70-kDa polypeptide released from nucleoids by heparin treatment was also SiR (Fig. 2C) . The antiserum raised against maize SiR specifically reacted with the 70-kDa protein in the nucleoids as reported previously (17) . The 70-kDa protein released by heparin treatment reacted clearly with the antiserum. These results suggest that the treatment with heparin causes pea chloroplast nucleoids to release SiR.
The effect of heparin on the structure of nucleoids was examined by fluorescence microscopy. The nucleoid retains its particulate structure in TAN buffer (Fig. 3) , whereas in the presence of 1 g/ml heparin the nucleoids becomes swollen. At a higher concentration of heparin, the granular structure of the nucleoid is destroyed. At the same time, the fluorescence of DAPI appeared to increase at a high concentration of heparin (compare A and D with identical amount of nucleoids). These results can be attributed to the release of both SiR and DNA from the nucleoids by the treatment with heparin. These results suggest that the released DNA stains better with DAPI than the DNA present within the nucleoids in a compact form.
Fluorometric Analysis-Because the reconstitution of nucleoid-like structure from recombinant SiR and cpDNA was reported previously (17), we examined the effect of heparin on this reconstitution system. Pea cpDNA was mixed with SiR, incubated for 2 h, and then mixed with 0.02 g/ml DAPI. The 
FIG. 2.
Analysis of proteins and nucleic acids in the nucleoids treated with heparin. Isolated nucleoids were suspended in spermidine-free TAN buffer containing heparin. After incubation for 30 min on ice, the supernatant (S) and precipitate (P) were separated by centrifugation. A, analysis of proteins by SDS-PAGE using a 12% gel. Protein bands were visualized by silver staining. The numbers on the left indicate molecular size markers. Lane 1 shows nucleoids without heparin treatment; lanes 2 and 3 show no heparin; lanes 4 and 5 show 1 g/ml heparin; lanes 6 and 7 show 10 g/ml heparin; lanes 8 and 9 show 100 g/ml heparin. The arrowhead indicates the major 70-kDa protein. B, analysis of nucleic acids by agarose gel electrophoresis using a 0.8% gel. Nucleic acids were stained with ethidium bromide. The lanes correspond to the lanes in A. The leftmost lane indicates DNA size markers. C, immunological cross-reactivity of the 70-kDa protein and maize SiR. The supernatant and the precipitate were subjected to immunoblotting with anti-SiR antisera. Lane 1 shows nucleoids without heparin treatment; lanes 2 and 3 show 1 g/ml; lanes 4 and 5 show 100 g/ml heparin. Two identical sets of samples were electrophoresed and blotted, and then one part was stained with Coomassie Brilliant Blue (CBB, upper panel). Another part was immunostained, and the signal was finally detected by chemiluminescence (lower panel).
fluorescence intensity of the DAPI-stained cpDNA was quantitated by fluorometry (Fig. 4A) . The fluorescence intensity gradually increased during the first 30 min, probably reflecting the kinetics of binding of DAPI to DNA. The fluorescence intensity of the DNA-protein complex was significantly lower than that of cpDNA alone. The addition of heparin increased the fluorescence of cpDNA-SiR complex, while no effect was detected on cpDNA alone. These results clearly indicate that the formation of DNA-protein complex decreased the fluorescence intensity of DNA-bound DAPI. The fluorescence is therefore a measure of compaction of DNA.
We measured the fluorescence intensity of the DAPI-stained nucleoids by fluorometry (Fig. 4B ). An aliquot of the nucleoids was mixed with exogenous SiR and 0.02 g/ml DAPI, and the fluorescence was measured. Another aliquot was mixed with DAPI (no SiR) as a control. The transient changes settled after a 30-min incubation. At this stage, the fluorescence of DAPIstained nucleoids was lower in the presence of exogenous SiR than in the control. This decrease can be attributed to the direct binding of SiR to DNA within the nucleoids. Another possibility is that the exogenous SiR bound to the native nucleoprotein complex and that the compaction of cpDNA was affected indirectly by the exogenous SiR. Then heparin was added to both samples at a concentration of 10 g/ml. The fluorescence intensities of both nucleoids increased markedly after the addition of heparin. Curiously, the final level of fluorescence after addition of heparin was identical with or without exogenous SiR. This suggests that DAPI maximally binds to the DNA that was released by heparin, and this level is not affected by the presence of endogenous and exogenous SiR. Although the DNA was not totally solubilized as evidenced by fluorescence microscopy, the DNA was no longer tightly packed within the nucleoids after addition of heparin. On the contrary, in the absence of heparin, the addition of SiR tightens the compaction of DNA within the nucleoids, thus lowering the fluorescence intensity.
Antagonism of Heparin and SiR in Transcription-We examined the effect of SiR on transcription using the nucleoids treated with heparin (Fig. 5) . The nucleoids were incubated in the reaction buffer in the presence of 2 or 4 g/ml heparin at 25°C for 30 min. Then various concentrations of recombinant SiR were added to the reaction mixtures, and the mixtures were incubated at 25°C for 30 min. We measured the transcriptional activities of nucleoids as the incorporation of radiolabeled UTP into RNA. In the absence of heparin, the transcription activity was reduced as the SiR concentration increased. The activity at 255 g/ml SiR (3 pmol of UTP/g of protein) was approximately one third of that in the absence of exogenously added SiR (9 pmol of UTP/g of protein). In the nucleoids treated with 2 and 4 g/ml heparin, the transcriptional activity was respectively two and three times higher than that in the absence of heparin, but these enhanced activities were also drastically reduced with the increase in SiR concentration. The transcriptional activity of nucleoids in the presence of 2 g/ml heparin was identical to the control at 120 g/ml or higher concentrations of SiR. In the presence of 4 g/ml heparin, the activity was reduced to the control level at 165 g/ml or higher concentration of SiR. These results suggest that SiR and heparin exerted antagonistic actions on the transcription activity of nucleoids, i.e. SiR acts as a repressor, while heparin acts as a de-repressor. Curiously, the slopes of the decline in activity as a function of concentration of exogenous SiR were identical with various concentrations of heparin. The nearly equal spacing of the two lines obtained with 2 and 4   FIG. 3 . Micrographs of nucleoids after heparin treatment. Isolated nucleoids were treated with various concentrations of heparin for 2 h on ice. The mixture was stained with DAPI and examined by fluorescence microscopy. A, control experiment with no heparin. B, 1 g/ml heparin; C, 10 g/ml heparin; D, 100 g/ml heparin. Scale bar represents 10 m .   FIG. 4 . Evaluation of DNA compaction by fluorometry. Fluorescence intensity of cpDNA (A) and chloroplast nucleoids (B) after staining with DAPI was monitored with a fluorescence spectrophotometer. Excitation wavelength was 350 nm, and emission maximum was at 450 nm. A, before monitoring, three aliquots of identical amounts of isolated cpDNA were incubated in the absence (filled diamonds) or the presence of 150 g/ml (open circles) and 300 g/ml (filled triangles) SiR for 2 h on ice. The arrow indicates the addition of heparin (10 g/ml). B, before monitoring, two aliquots of identical amounts of isolated nucleoids were incubated in the absence (filled diamonds) or the presence of 150 g/ml (open circles) SiR for 2 h on ice. Arrows indicate addition of heparin (10 g/ml). Representative traces are shown, but the variation of extent of enhancement of fluorescence by heparin as a measure of de-compaction was within 5%. g/ml heparin suggests that 1 g of heparin counteracts with the action of 35 g of SiR. A rough estimate indicates that the ratio is 10 sugar in heparin residues per SiR molecule. The activation by heparin indicates that the repression by endogenous SiR is reversible, whereas the repression by exogenous SiR indicates that the de-repression by heparin is reversible. Therefore, the transcriptional activity of chloroplast nucleoid is reversibly regulated by DNA compaction.
DISCUSSION
Most of the recent studies on the transcriptional regulation in chloroplast have been focused on the transcription factors for individual genes as well as factors (5, 6, 8, 9, 24) . In the present study, we focused on the correlation between DNA compaction and transcriptional activity of chloroplast nucleoids. The marked activation of transcription by heparin (Table  I , Fig. 2 ) was unexpected. Heparin, which is a polysaccharide sulfate consisting of D-glucosamine, D-glucuronic acid, and Liduronic acid, acts as a potent inhibitor of initiation of transcription by bacterial (25, 26) and plastid (27) RNA polymerases and is known to disrupt the relatively fragile nonspecific RNA polymerase-DNA interaction but has no effect on tightly bound complexes (28) . Heparin is also known to bind to various proteins in vivo (29) . More than twenty years ago, it was demonstrated that histones and most of the non-histone proteins were removed from a metaphase chromosome in human HeLa cells by treatment with heparin or dextran sulfate, which competes with DNA for protein binding (30) . This finding is consistent with our results, if histones and SiR are both considered as DNA-binding proteins. The activation of transcriptional activity by heparin appears to be related to the interference of heparin in DNA-protein interaction. Heparin seems to compete with cpDNA for the binding of SiR within the nucleoids and de-compacts the structure of nucleoids. On the other hand, a function of DNA compaction is assigned to SiR as described below.
Using fluorometry, we can semi-quantitatively evaluate the DNA compaction in cpDNA and nucleoids (Fig. 4) . The increase in fluorescence intensity by heparin is correlated with the relaxation of DNA compaction, and the decrease in fluorescence by SiR is correlated with tightening. Although the fluorescence intensity of isolated nucleoids mixed with SiR increased to a level similar to that for nucleoids alone by the addition of heparin, the intensity of the cpDNA-SiR complex did not increase completely to a level similar to that for cpDNA alone by heparin. The difference in fluorescence intensity after the addition of heparin in the cpDNA-SiR complex may reflect the equilibrium between SiR and DNA or absorption of the fluorescence of DAPI by SiR.
There are three possible reasons for the decline of fluorescence intensity of DNA-DAPI complex by SiR. One is the reduced binding of DAPI to cpDNA by the formation of cpDNASiR complex. Another is fluorescence quenching by SiR, and the last one is the change in self-quenching of DAPI due to changes in local density of DAPI. A direct effect of heparin on the fluorescence of DAPI is also unlikely, because when a spermidine-free TAN buffer containing DAPI without either cpDNA or nucleoids was monitored with the addition of heparin, the fluorescence intensity was not affected by heparin (data not shown).
We showed that the transcriptional activity of chloroplast nucleoids was repressed by SiR (Fig. 5) . The enhancement of transcriptional activity by heparin was reduced by the addition of SiR to a level comparable with the transcriptional activity of nucleoids not treated with heparin in the presence of SiR. The fluorometric study demonstrated tightening of DNA compaction by SiR and its relaxation by heparin within the nucleoids.
These results suggest that the transcription of nucleoids is activated by relaxation of DNA compaction and is repressed by tightening of DNA compaction.
Some examples that DNA compaction regulates transcription are known. In the eukaryotic cell nucleus, the binding of many transcription factors and RNA polymerase can be strongly inhibited by the formation of nucleosomes (31) (32) (33) . Enrichment and localization at the nuclear periphery of heterochromatin protein 1, chromosomal protein, may repress transcription (34 -36). In bacteria, various DNA-binding proteins such as IHF (integration host factor) and H-NS (histonelike nucleoid-structuring protein) regulate transcription of many genes through changes in local DNA compaction due to DNA bending (37) . In the nucleoids of E. coli, non-enzymatic phase transition of nucleoid structure occurs on nucleoids when the cells enter the growth phase and stationary phase; namely, the abundant Dps (DNA-binding protein from starved cells), a nonspecific DNA-binding protein, protects DNA through DNADps co-crystallization in the stationary phase, and the DNADps co-crystals are rapidly disrupted upon onset of growth (38) . The phase transition regulates the global transcriptional rate. Our findings prompt us to assume the presence of such mechanisms in chloroplasts. Further studies are in progress to elucidate the step at which DNA compaction is regulated, using nucleoids at various developmental stages. Furthermore, heparin might not be present in the chloroplast. Therefore additional evidence for the presence of substances that relax DNA compaction within the chloroplast is required. In this context, we tested the negatively charged lipids such as sulfolipid and phosphatidylglycerol, which are present in the chloroplast membrane, but we found no evidence that these acidic lipids can act as a transcriptional activator.
